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1. Introduction {#s0005}
===============

On March 11^th^, 2020, the World Health Organization (WHO) has officially declared the novel coronavirus (COVID-19) outbreak a global pandemic. This emergency saw an unprecedented investment of energies and resources to rapidly monitor SARS-CoV-2 circulation and trend. The high rate of asymptomatic infected individuals ([@bb0015]) has challenged the estimation of infection spread basing on clinical survey, and alternative approaches, such as wastewater-based epidemiology (WBE), were proposed ([@bb0100]; [@bb0125]). Since SARS-CoV-2 shedding in stools is supposed to be high ([@bb0055]; [@bb0205]), quantification of viral RNA in raw wastewater (WW) could be a reliable marker of infection prevalence in the population ([@bb0065]; [@bb0185]). However, protocols for large scale wastewater-based epidemiology still need to be refined, mostly because of uncertainties in viral recovery rates during concentration and RNA extraction, and differences in the RNA detectability with available molecular markers ([@bb0060]).

Coronaviruses are enveloped viruses, and their persistence in the environment should be short. Nevertheless, little is known concerning SARS-CoV-2 survival and diffusion in WWs and in the receiving surface waters ([@bb0110]), which could depend mostly on environmental conditions. Similarly, infectivity test of SARS-CoV-2 in treated WW has not been extensively evaluated, and in some cases virus could be potentially still infectious ([@bb0145]; [@bb0175]; [@bb0195]).

In Europe, northern Italy was one of the earliest and most infected area, with about 240,000 cases on July, 6^th^, 2020 (<https://www.ecdc.europa.eu/en/geographical-distribution-2019-ncov-cases>). In particular the Milano Metropolitan Area, including the Province of Milano and Monza e Brianza with 24.499 and 5.795 cases, respectively, experienced an infection rate (case divided by resident population) almost double (0.76% and 0.67% respectively) respect to the rest of Italy (0.40%) ([*https://github.com/pcm-dpc/COVID-19/blob/master/dati-province/dpc-covid19-ita-province.csv*](https://github.com/pcm-dpc/COVID-19/blob/master/dati-province/dpc-covid19-ita-province.csv){#ir0015}). In the present study, we evaluated the presence and infectivity of SARS-CoV-2 RNA in raw and treated WWs collected in three wastewater treatment plants (WWTPs), covering the entire Milano Metropolitan Area, and in three receptor rivers. The aim of the study was to provide a survey of viral dispersion and potential related health risk in the aquatic environment during the peak phase of the epidemic. Given this main aim, we adopted analytical protocols which targeted mostly the possibility to analyse rapidly fresh, viable water samples (i.e., qualitative detection of RNA and cell cultures), sacrificing detection sensitivity. Moreover, isolated genomic strains of SARS-CoV-2 were sequenced for confirmation and compared to those found in ill patients in the area and worldwide.

2. Materials and methods {#s0010}
========================

2.1. Study area and WWTP characteristics {#s0015}
----------------------------------------

A total of 18 grab samples have been collected in three WWTPs, located in the two Provinces of Milano and Monza e Brianza (4 raw and 2 treated WWs) and in their receptor water bodies (Lambro River, Vettabbia Canal and Lambro Meridionale River, [Fig. 1](#f0005){ref-type="fig"} ). All WWTPs and rivers were sampled on April, 14^th^ and April, 22^nd^, 2020 almost at the same hour (1.00 p.m., instantaneous samples).Fig. 1Map of Milano Metropolitan Area, with the two main river basins highlighted: 1) the Lambro Meridionale (LM) River, closed and sampled on Mirasole bridge; 2) the Lambro (L) River, closed and sampled on Melegnano bridge. The Vettabbia Canal is also indicated. Approximate locations of all WWTPs are indicated with squares whose size is proportional to their capacity (population equivalent). WWTP-A, the main plant of Monza and Brianza, WWTP-B and WWTP-C, the main plants of Milano, have been investigated in this study.Fig. 1

The three WWTPs globally collect 11 m^3^/s of sewage from of a population of about 2 million persons ([Fig. 1](#f0005){ref-type="fig"}), and are all equipped with secondary treatments and a tertiary disinfection step by peracetic acid or high intensity UV lamps. More in detail, WWTP-A (Monza), which treats about 2 m^3^/s of sewages from approximately 480.000 population equivalents (p.e.) and 4.500 industrial facilities, discharges into the river Lambro after a disinfection step with peracetic acid. WWTP-B (Milano) treats about 4 m^3^/s of sewage from approximately 1.050.000 p.e. from the west part of Milano. After a disinfection with high intensity UV lamps, it discharges into the stream Lambro Meridionale, which is a tributary of river Lambro. Finally, WWTP-C (Milano) treats about 5 m^3^/s of sewage from approximately 1.250.000 p.e. from the east part of Milano, carried to the plant by two main sewage collectors (Lines 1 and 2). After a disinfection with peracetic acid, it discharges into the Vettabbia channel, which is a tributary of river Lambro.

2.2. Sample collection and preparation {#s0020}
--------------------------------------

Sampling was done using separate stainless steel buckets to avoid cross contamination and transported in dark glass bottles to laboratory under refrigeration. Rivers were sampled from bridges. Water samples were filtered to exclude particulate and bacteria. One liter of water samples were pre-filtered on glass fiber filters (Whatman GF/F, 0.7 μm nominal pore size, 47 mm diameter) until filter clogging. Then 50 mL of pre-filtered water was taken and further filtered on nitrocellulose Millipore MCE filters (0.22 μm nominal pore size, 47 mm diameter) by using a vacuum pump. All glassware was disinfected by a diluted ipochlorite solution and rinsed with ultrapure water between every sample process. One initial, one intermediate and a final negative control for each one of the two filtering sessions (i.e., on April, 14^th^ and 22^nd^, 2020), obtained by filtering 50 mL of molecular biology grade water, were included in the analysis. All controls resulted negative to real time RT-PCR detection, indicating that there was no cross contamination from SARS-CoV-2 during filtration. A previous study indicated that partitioning of enveloped viruses on the solid fraction of wastewaters could account up to 26% ([@bb0200]), so in the present case detection and isolation of SARS-CoV-2 was only focused on the filtered water fraction. Anyway, we performed a comparative test of viral RNA extraction and SARS-CoV-2 detection for the solid and liquid fractions of the same sample (3 samples collected on April, 14^th^, 2020), with the same protocols described below, and patterns of real time RT-PCR positivity were equivalent. Being the assay of infectivity one of the main aim of this work, we have preferred to avoid any preliminary concentration treatment of samples indeed, which could increase the chance to detect viral RNA, but at the risk of reducing infectivity of coronaviruses, since the addition of chemical compounds or mechanical stress could hamper their viability ([@bb0050]; [@bb0200]).

2.3. SARS-CoV-2 RNA extraction and real time RT-PCR {#s0025}
---------------------------------------------------

Detection protocols already available for diagnostic routine were employed in the present case, to answer the demand for the rapid survey of WWs samples during the epidemic peak. A total of 200 μL of filtered sample was used for viral RNA extraction using the QIAMP Viral RNA mini kit (Qiagen, Hilden, Germany), according to manufacturer protocol. No additional treatment (e.g., DNAse addition) was done. The extraction solutions and protocols were especially formulated to remove any PCR inhibitor from the eluted RNA. We avoided to concentrate viral samples before RNA extraction, so that the risk of inhibitors carryover should be minimized. However, we added 1 μL of the internal plasmidic control included in the 2019-nCoV real-time RT-PCR kit panel (Product Ref. RR-0479-02, Liferiver, Shanghai, China), used for real time RT-PCR, to samples during RNA extraction, to check for PCR inhibition ([@bb0035]) and extraction recovery efficiency (see Table S1 for Ct thresholds indicated by manufacturers below which inhibition should be excluded). Moreover, one negative control, consisting on 200 μL of molecular biology grade water, was included in each RNA extraction session.

To detect and assess the presence of the SARS-CoV-2, the above cited real time RT-PCR panel (CE-IVD, TGA and NMPA(CFDA) approved for diagnostic identification of SARS-CoV-2) was employed, containing primers and probes that target the nucleocapsid (N) gene, the ORF1ab gene and the E gene ([@bb0070]). Primers set was designed by manufacturer for both universal detection of SARS-like coronaviruses as well as specific detection of six 2019-nCoV strains. Primers sequences and PCR mix composition are proprietary information retained by manufacturer and not publicly available. Among the three screened genes, the ORF1ab region resulted one of the most sensitive region for RNA amplification and detection ([@bb0070]). The N gene coding for nucleocapsid is also largely employed for SARS-CoV-2 screening, while also the Envelope (E) region was indicated as a reliable candidate marker at this scope ([@bb0025]). Specificity of the selected genes for SARS-CoV-2 target was certified by the manufacturer. Real time RT-PCRs were performed on an Applied Biosystems™ 7500 Real-Time PCR Systems. Reaction conditions included two initial cycles at 45 °C for 10 min, and 95 °C for 3 min, followed by 45 cycles of amplification (95 °C for 15 s, 58 °C for 30 s). A 20 μL PCR mix was set for each sample by mixing 5 μL of RNA (or control) to 19 μL of mix and 1 μL of RT-PCR Enzyme Mix, and reactions run on sterile 96-well qRT-PCR plates.

The limit of detection (LOD 95%) of this kit was estimated to be 484 viral copies/mL on viral RNA extracted from cultured SARS-CoV-2 ([@bb0180]). Although protocols (i.e., RNA extraction) followed the same workflow of the above cited study, the presence of influent PCR inhibitors in WW and river samples, which are not a standard sample typology for diagnostic kits, could however not be excluded. Hence, discussion of results will acknowledge the possibility of false negative, although amplification of the added internal control resulted always within the quality control thresholds (C~t~ values) indicated by the manufacturer (Table S1 in Supplementary Material), suggesting that inhibition could be not relevant. Positive and negative controls provided in the real time RT-PCR kit were also included in the amplification plates, and resulted always within the quality control thresholds (C~t~ values) indicated by the manufacturer as well (Table S1 in Supplementary Material), proving efficient amplification and absence of contamination. The analyses were run in duplicate for each sample, and rerun in case of incongruencies between the two amplification profiles (i.e., cases in Table S2).

2.4. Cell culture and virus isolation {#s0030}
-------------------------------------

In order to evaluate the infectivity of SARS-CoV-2, a viral isolation protocol was conducted through the utilization of VERO E6 cells (ATCC® CRL-1586™), an African green monkey kidney cell line. VERO cells were cultured in Dulbecco\'s Modified Eagle Medium with [l]{.smallcaps}-glutamine (DMEM, Gibco™ ThermoFisher Scientific), which were supplemented with 10% of heat-inactivated fetal bovine serum (FBS, Gibco™ ThermoFisher Scientific) and 1% Penicillin-Streptomycin \[5,000 U/mL\] (Pen-Strep, Gibco™ ThermoFisher Scientific). Each viral sample (2 mL) was incubated in duplicate in a 25 cm^2^ cell culture flask, together with 5 mL of DMEM medium, at 37 °C and at 5% CO~2~ atmospheric pressure for 72 h. At the end of the 72 h waiting period, 5 mL of new DMEM medium was added to the culture flask, which was again incubated at 37 °C with a CO~2~ level of 5% for 48 h. Finally, infectivity was assessed daily by screening cells for cytopathic effects (CPE) under reverse-phase light microscope. Limit of Detection (LOD) of infectivity for SARS-CoV-2 on VERO E6 cells is not available, although replication kinetics, adaptation and CPE on these cells has been verified and described ([@bb0115]). Estimates of LOD based on CPE observation on VERO cells were found to be in the range of 1 × 10^1^--1 × 10^−2^ TCID~50~ for a wide group of viral families ([@bb0040]).

2.5. Whole genome sequencing and phylogenetic analysis {#s0035}
------------------------------------------------------

A single genome coming from the WWTP A ([Table 1](#t0005){ref-type="table"} ) was sequenced, to confirm real time RT-PCR specificity. Twenty microliters of the obtained genomic RNAs were retro-transcribed using 1 Random Primers pool (Product Ref. C1181, Promega, USA). Ten microliters of cDNA have been used to prepare a SARS-CoV-2 library trough the "Ion AmpliSeq SARS-CoV-2 Research Panel" able to cover more than 99% of virus genome (Thermo Fisher Scientific, Waltham USA). All libraries have been prepared by using Ion AmpliSeq™ technology (Thermo Fisher Scientific), and sequenced on Ion Torrent PGM sequencer performing 550 flows to get reads up to around 250 bp (Thermo Fisher Scientific).Table 1Results of real time RT-PCR amplification (positivity +, negativity -), infectivity test (presence or absence of CPE), genome sequencing and caffeine analysis, as obtained for WWTPs and rivers for the two sampling dates. Genes code refers to the nucleocapsid (N) gene, the Orf1ab gene and the E gene. n.a.: analysis not performed.Table 1DateSample originStationTreatmentGene positivityInfectivity testGenome codeCaffeine μg/LOrf1abNE14/04/2020WWTPsARaw+−+No CPEhCoV-19/Italy/HSacco-1/202035.31ATreated−−−No CPEn.a.\<0.02B line 1Raw+−+n.a.n.a.28.71B line 2Raw+++No CPEn.a.32.81CRaw−−−n.a.n.a.26.31CTreated−−−n.a.n.a.\<0.02RiversVettabbia−++−No CPEn.a.\<0.02Lambro Meridionale−++−No CPEn.a.0.36Lambro−++−No CPEn.a.0.2822/04/2020WWTPsARaw−−−No CPEn.a.24.89ATreated−−−No CPEn.a.0.03B line 1Raw++−No CPEn.a.22.72B line 2Raw−−−No CPEn.a.16.24CRaw−−−No CPEn.a.21.61CTreated−−−No CPEn.a.0.06RiversVettabbia−−−−No CPEn.a.\<0.02Lambro Meridionale−−−−No CPEn.a.0.41Lambro−++−No CPEn.a.0.44

Genome assembly was obtained using a mapping-based approach. Low quality read bases were trimmed out using Trimmomatic software with the MAXINFO:50:0.3 parameter set. Then, SNP calling was performed using the Wuhan-Hu-1 strain genome (accession MN908947.3) as reference. The genome consensus sequence was obtained on the basis of the identified SNPs and the reference sequence. Reference bases were called in conserved positions with coverage above five, otherwise N were introduced.

A dataset of 3.995 SARS-CoV-2 genomic sequences was retrieved from GISAID database ([@bb0030]). The multi-genome alignment including our genome, GISAID genomes and reference genome was obtained using the Purple pipeline ([@bb0045]), (available at <https://skynet.unimi.it/index.php/tools/purple-tool/>). The nucleotide distances among the strains were computed using the R library Ape and the 300 most similar sequences to our strain were selected for Maximum Likelihood phylogenetic analysis. The phylogenetic analysis was performed using RaxML8 software with 100 pseudo bootstraps, after model selection using ModelTest-NG. The obtained phylogenetic tree was visualized using iTol web tool.

2.6. Caffeine quantification {#s0040}
----------------------------

Caffeine is a wide used tracer of urban-only pollution and can be correlated with the number of people connected in the sewage system ([@bb0165]). Because it is a highly degradable molecule, especially in the wastewater treatment plants, detecting its presence in a surface water is a clear indication of the presence of untreated sources of wastewaters or the malfunctioning of the sewer network. Caffeine has been determined by a Liquid Chromatography-High Resolution Mass Spectrometry (LC-HRMS) method by using an Orbitrap Q Exactive mass analyser equipped with Ultimate 3000 HPLC system (Thermo Fisher Scientific, U.S.). The mass spectrometer operated in HESI positive ionization mode and a Full scan-data dependent scan acquisition mode (FS-ddms2) was applied. The liquid chromatography parameters and the mass spectrometer settings are detailed in Supplementary Material S2 (Tables S3--S5).

Identification has been carried out by comparison with the retention time, extracted accurate mass (*m*/*z* 195.0882 amu) of \[M + H\]^+^ ion and MS/MS spectrum of pure standard solutions (prepared in ultrapure water) which were used also for calibration. All acquired accurate masses were within 2 ppm from the theoretical one. No interferences have been detected. Quantitative determination has been carried out by external calibration. Accuracy has been determined by recovery of three spiked samples. The recoveries were all greater than 90%. Precision were estimated as the reproducibility of three replicates of real samples, one inlet of WWTP (WWTP A) and one river (River Lambro). The coefficients of variation were respectively 18% and 23%. LOD, calculated according to the ISO 6107-2: 2006 standard, was 0.02 μg/L.

3. Results and discussion {#s0045}
=========================

3.1. Presence and infectivity of SARS-CoV-2 in wastewaters {#s0050}
----------------------------------------------------------

The amplification of SARS-CoV-2 RNA genes ORF1ab, N and E was successful in the raw WWs from all the WWTPs on April, 14^th^, 2020, and only in the raw WW of the WWTP-B plant on April, 22^nd^, 2020 ([Table 1](#t0005){ref-type="table"}). Hence, the presence of detectable SARS-CoV-2 RNA in influent WWs is confirmed even in the case of the Milano metropolitan area ([@bb0080]), in congruence with growing evidences worldwide ([@bb0005]; [@bb0010]; [@bb0095]; [@bb0100]; [@bb0125]; [@bb0190]; [@bb0195]). On the contrary, treated WWs did not result positive to amplification on any date ([Table 1](#t0005){ref-type="table"}).

The null detection of viral RNA in the outflows of Milano and Monza WWTPs plants, equipped with tertiary treatments, is in agreement with the case of the Murcia region (Spain) where tertiary treatments abated SARS-CoV-2 concentration below the LOD (50 gene copies per reaction) in all the studied plants ([@bb0125]). We cannot exclude that viral copies were still present in the outflows of the studied WWTPs at low concentrations ([@bb0125]), under the 95% LOD of the multiplex reaction, or that any viral particles was not sampled in the 200 μL of filtered WWs used for RNA extraction. Moreover, the presence of PCR inhibitors in the matrixes could not be totally excluded.

It is also known that the targeted genes proved different sensitivity thresholds ([@bb0070]; [@bb0210]), so that virus detection could be influenced by the sensitivity of the employed marker. Interestingly, ORF1ab gene resulted amplified in all positive samples, while both the other two genes (N and E) failed to be amplified in two out of five positive samples. Intriguingly, this is in contrast with growing evidences for a higher sensitivity of markers targeting the N region, respect to the ORF1ab ([@bb0070]; [@bb0210]). Any speculation about the origin of this discrepancy cannot here be reliably advanced, and specific in-depth assessment of PCR efficiency, or mutations accumulation in genomes increasing the false negative rate ([@bb0120]; [@bb0150]) should be done.

Interestingly, the positivity disappeared in most of the inlet samples on April, 22^nd^, indicating a possible decrease of the viral concentration. Sampling sessions were planned during the first stages of the epidemic decline. [Fig. 2](#f0010){ref-type="fig"} shows that both Provinces recorded the same trend and magnitude of relative diagnosed cases in the study period. The infection started to increase since the end of February 2020, reached a maximum in the second half of March 2020, and then was slowly decreasing. However, it is worth of mention that these epidemiological data need standardized collection methods ([@bb0140]) and are probably affected by unequal sampling efforts and asynchrony of records respect to the real infection dates. Moreover, the use of non-quantitative methods for RNA detection, and the reduced sampling frequency did not allow to assess any correlation between the viral RNA titers and the clinical epidemiological trend.Fig. 2Trend of COVID-19 cases diagnosed in Province of Milano and Monza and Brianza (source: Protezione Civile, <https://github.com/pcm-dpc/COVID-19/blob/master/dati-province/dpc-covid19-ita-province.csv>). On the left y-axis, relative cases represent the new daily cases divided by the resident population in each Province. On the right y-axis, absolute cases represent the weekly window mean of the sum of the new daily absolute cases of both Provinces.Fig. 2

A single genome was sequenced, associated to a strain isolated in WWTP-A. The assembly procedure allowed to call 25.279 genome bases, corresponding to \~85% of the reference genome length. Phylogenetic analysis ([Fig. 3](#f0015){ref-type="fig"} ) revealed that the sequenced strain is closely related to a SARS-CoV-2 strain isolated on March, 3^rd^, 2020 in Milan (GISAID code EPI_ISL_413489). We found two SNPs between the two strains, including a non-synonymous mutation on the ORF1 gene at position 2231 (L2231I). Moreover, this strain is within the main clade of European genomes, congruently with a common origin ([@bb0020]).Fig. 3Maximum Likelihood phylogenetic tree including the the Hsacco-1 strain sequenced in this work and the 300 most similar SARS-CoV-2 strains retrieved from GISAID database. Geographic strains metadata, as retrieved from GISAID database, were mapped on the tree: the isolation continent is reported on the inner circle and, for the Italian strains only, the isolation city is reported on the external circle. The labels of the strains isolated in Milan are reported with larger size and the strain sequenced in this work is coloured in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 3

Notably, the infectivity of SARS-CoV-2 in WWs, either raw or treated samples, resulted null, despite the presence of viral RNA in the samples ([Table 1](#t0005){ref-type="table"}) and despite infectious virus are supposed to be present in stool and urine after emission ([@bb0145]). At this regard, it has been demonstrated that virus can be not infective also in human samples where declining, but still detectable, concentrations of SARS-CoV-2 RNA were determined ([@bb0085]). Moreover, infectivity assays made on hospital WWs, before and after preprocessing disinfection, resulted negative as well, despite the detectability of SARS-CoV-2 RNA ([@bb0175]).

Enveloped virus are more susceptible to decay of their infectivity in wastewaters than non-enveloped viruses ([@bb0200]), especially when in presence of free active enzymes activity or predators like protozoan or metazoan ([@bb0075]). Survival of coronaviruses in wastewaters was estimated in a few studies. Temperature resulted one of the most influent parameters, and time to complete decay was estimated around 2 days at mild temperature (23--25 °C) and longer in colder conditions (over 22 days at 4 °C) ([@bb0050]; [@bb0170]). However, most of the decay should occur immediately after the discharge in sewage, due to presence of solvents and detergents compromising the viral envelope, or to the absorption to the solid fraction ([@bb0050]; [@bb0060]). In the present case-study, the time from stool emission to the arrival at the WWTP has been estimated to be about 6--8 h according to the mean corrivation times of WWs provided by the WWTP managers. In the sampling period, WWs temperature was in the range 18.5--19 °C and probably did not favour the survival of all, or most of SARS-CoV-2 viruses up to the inlet in the WWTPs. In this regard, the choice to avoid sample concentration to preserve virus infectivity could have also increased the chance of false negatives either for real time RT-PCR and infectivity test in the less concentrated samples, such as those of April, 22^nd^. Considering also the potential presence of free viral RNA in waters, a few studies have estimated a persistence from less than one hour in WWs ([@bb0090]) to two days in sea water ([@bb0155]), depending on environmental conditions and virus typology. Hence, any speculation about the role of wastewater treatments in reducing the viral concentration, respect to the natural decay of virus load in the sewage systems and WWTPs, cannot be advanced at this stage. At this regard, specific analyses targeting the persistence of SARS-CoV-2 RNA in WWs under different environmental conditions are ongoing. However, we strongly advocate for a precautionary approach in risk assessment in other contexts, being the presented data limited in time and related to highly efficient WWTPs (i.e., equipped with tertiary treatments).

3.2. Presence and infectivity of SARS-CoV-2 in surface waters {#s0055}
-------------------------------------------------------------

Positive detection of viral RNA was found in all receptors water bodies on April, 14^th^, 2020, but only in the Lambro River on April, 22^nd^, 2020 ([Table 1](#t0005){ref-type="table"}), following probably the general epidemiological decreasing trend. The presence of SARS-CoV-2 RNA in surface waters, when compared to the negative detection found for treated WWs, could derive from different sources of viral RNA coexisting in the same basins. It is known that aliquots of non-treated sewage can be present in surface waters because of e.g., illicit discharges, malfunction of sewerage systems, and that their relative contribution to the river flow is enhanced during drought period ([@bb0105]) such as in Spring, 2020. This hypothesis has been tested with our samples by determining the caffeine concentrations in rivers, which is a specific tracer of untreated domestic sewages ([@bb0165]). Caffeine concentrations (0.3--0.4 μg/L) measured in Lambro and Lambro Meridionale rivers ([Table 1](#t0005){ref-type="table"}) were higher than the background caffeine levels of Lambro river (0.08--0.09 μg/L) detected in a reference river section during a dry period ([@bb0165]).

As shown in [Table 1](#t0005){ref-type="table"}, since the degradation in WWTPs is complete, with a removal greater than 99% in all the monitored plants, the WWTPs are not a source of caffeine in the receiving rivers. Consequently, the caffeine measured in rivers Lambro and Lambro Meridionale should have another origin. These findings suggest that a fraction of untreated sewage has been directly discharged in surface waters, due to non-collected domestic discharges or to the lack of separation of the urban runoff waters from the domestic effluents, which causes combined sewer overflows (CSOs). CSOs usually occur during high precipitation events in order to prevent damages on the WWTPs. However, even during prolonged drought, some CSO devices can be active because of possible failures of the sewerage systems ([@bb0135]). In the case of these two rivers, the simultaneous measurement of caffeine and viral genetic material opens the possibility that the common origin is the untreated sewage.

The malfunctioning of CSOs can cause repeated contamination of receiving surface waters, and it is not uncommon even in sewages of many European countries ([@bb0130]) and United States ([@bb0160]).

Nevertheless, the presence of SARS-CoV-2 RNA in the Vettabbia Canal on April, 14^th^, 2020 and the contextual lack of detection of caffeine in this water body suggest that also the sporadic release of virus traces by WWTP treated outlets cannot be completely excluded. At this regard, it has been shown that WWTPs, equipped with secondary treatment only, can release SARS-CoV-2 RNA in their effluents ([@bb0125]). Giving the wide presence of small and medium sized WWTPs in the river basins of this study ([Fig. 1](#f0005){ref-type="fig"}), we cannot exclude that this event occurred along the studied rivers and contributed to the spread of viral RNA in surface waters.

It is worth of mention that also in the positive cases concerning rivers, the infectivity of the SARS-CoV-2 was null ([Table 1](#t0005){ref-type="table"}), suggesting a low risk of infection from river water. Nevertheless, as in the case of WWs, a precautionary approach in risk assessment is arguable, awaiting for accurate tests for viral persistence and infectivity in contaminated ecosystems. In particular, we cannot also exclude that viable viral particles were present also in Vettabbia and Lambro Meridionale even on April, 22^nd^, and that their concentrations were below the LOD of real time RT-PCR, or that they were not sampled in the unconcentrated 200 μL or 2 mL of filtered water used for RNA extraction and infectivity tests, respectively.

In conclusion, this study detected the presence of SARS-CoV-2 RNA in WWs and, firstly, in the receiving rivers in the Milano Metropolitan Area. The presence of SARS-CoV-2 genome in rivers indicated the partial efficiency of the current sewerage system of the Milano Metropolitan Area, which is a common occurrence in Europe and USA. Moreover, test for infectivity suggested that pathogenicity of virus in wastewaters and surface waters could be null. However, risks for public health should be evaluated under a precautionary approach, giving the preliminary nature of the presented results.
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S1 Real time RT-PCR quality control criteria; S2 Caffeine quantification (chromatographic conditions).Image 1

Sara Giordana Rimoldi and Fabrizio Stefani equally contributed to this paper. The authors want to thank the managers of the WWTPs for having contributed to this research and Sara Valsecchi (IRSA-CNR), Michele Rusconi, Jacopo Rigato, Alberto Sala, and Orietta Longoni (BrianzAcque) for collaboration in chemical analysis. The contribution of Igor Fochi and Salvatore Conti (Thermofisher Italia) in LC-HRMS analysis and genome sequencing, respectively, is also acknowledged. This research has been developed in the framework of the SWaRM-Net \"Smart Water Resource Management - Networks\" - \"Smart Cities and Communities\" Project (OR4) - Decreto Direttoriale MIUR 5 luglio 2012 n . 391/Ric. This paper is dedicated to the little Clara, which is born in the era of Covid-19.

Supplementary data to this article can be found online at <https://doi.org/10.1016/j.scitotenv.2020.140911>.
